growth factors (9) (10) (11) (12) . The kinase activities of a fusion kinase activity in quiescent cells (9, 13) . We have reinhibited p70 S6 kinase activation induced by these stimuli. However, Akt-AA had no effect on the activa-cently shown that overexpression of a mutant rat Akt1 tion of p70 S6 kinase induced by 12-O-tetradecanoylph-in which the sites of ligand-induced phosphorylation orbol 13-acetate, which did not stimulate Akt activity (Thr 308 and Ser
473
) are replaced by alanine inhibits inin these cells. These data suggest that Akt is required sulin-induced activation of endogenous Akt in CHO for heat treatment-induced activation of p70 S6 kinase. cells and 3T3-L1 adipocytes (14) . Furthermore, insulin-᭧ 1998 Academic Press induced activation of p70 S6 kinase was inhibited in the cells expressing this mutant protein (14) . Although it is not known whether Akt directly phosphorylates and activates p70 S6 kinase, these observations sugp70 S6 kinase was first identified as an enzyme that gest that signaling through Akt is required, at least in catalyzes the phosphorylation of the S6 protein, a compart, for insulin activation of p70 S6 kinase. ponent of the 40S subunit of the eukaryotic ribosome (1, Cellular stress, such as that induced by heat treat-2). Activation of p70 S6 kinase is triggered by various ment, stimulates various protein kinases, including the growth factors and is thought to be important for the p38 (HOG1) kinase, c-Jun NH 2 -terminal kinase (stresscontrol of translation of mRNAs that possess a polypyractivated protein kinase), and p70 S6 kinase (15, 16) . imidine tract at their 5 ends (3). Inhibition of this Akt has also recently been shown to be activated by kinase by a pharmacological inhibitor (4, 5) or by neuexposure of cells to heat treatment or hyperosmolarity tralizing antibodies (6) results in arrest of cells in the (17) . We have therefore now investigated the possible G 1 phase of the cell cycle and in inhibition of DNA role of Akt in the activation of p70 S6 kinase induced synthesis, suggesting that it also plays a role in cell by heat treatment. cycle progression.
MATERIALS AND METHODS
clonal antibodies to the hemagglutinin (HA) epitope tag (12CA5) or to the FLAG epitope tag were obtained from Boehringer Mannheim and Kodak Scientific Imaging Systems, respectively. Polyclonal antibodies to p70 S6 kinase generated against a synthetic peptide corresponding to amino acids 2 to 23 of the rat enzyme were as described previously (14) .
Adenovirus vectors. An adenovirus vector encoding an HA epitope-tagged mutant Akt1 in which Thr 308 and Ser 473 were replaced by alanine (AxCAAkt-AA) was described previously (14) . A control virus encoding b-galctosidase (AxCALacZ) was kindly provided by I. Saito (18) . Parental CHO cells or CHO-Akt cells cultured in 6-cm plates were infected with adenovirus vectors at the indicated multiplicity of infection (MOI) as described previously (14) . The cells were subjected to experiments 48 h after infection.
Kinase assays. Cells were deprived of serum for 16 to 20 h, exposed to PDGF, 12-O-tetradecanoylphorbol 13-acetate (TPA), or heat treatment, and then immediately frozen with liquid nitrogen. Heat treatment was achieved by placing tissue culture plates into a heated, circulating water bath. For p70 S6 kinase assays, the frozen cells were lysed in a solution described previously (14) , and the lysates were subjected to immunoprecipitation with polyclonal antibodies to p70 S6 kinase. After extensive washing of the immunoprecipitates, they were assayed for kinase activity with an S6 synthetic peptide (KRRRLSSLRASTSKSESSQK) as substrate, as described previously (14) .
To assay the kinase activity of FLAG-tagged Akt, we lysed cells in a solution previously described (14) and subjected the lysates to immunoprecipitation with antibodies to FLAG. After extensive washing of the immunoprecipitates, they were assayed for kinase activity with histone 2B as substrate, as described previously (14) . The radioactivity incorporated into histone 2B was determined with a Fuji BAS 2000 image analyzer.
RESULTS

Effects of Akt-AA on Akt Activation Induced by PDGF
or Heat Treatment tagged Akt1, were incubated in the absence or presence at the indicated MOI (PFU/cell). The cells were subsequenly lysed, of PDGF (25 ng/ml) for 10 min at 37 ЊC, lysed, and and the total cell lysates were subjected to immunoblot analysis with antibodies to HA. (B and C) CHO-Akt cells infected with AxCAAktsubjected to immunoprecipitation with antibodies to AA at the indicated MOI (PFU/cell) were incubated for 10 min at 37 FLAG. The immunoprecipitates were then assayed for ЊC in the absence or presence of PDGF-BB (25 ng/ml) (B) or for 10 kinase activity with histone 2B as substrate. PDGF min at 37 Њor 45ЊC (C), lysed, and subjected to immunoprecipitation induced an approximately fivefold increase in Akt ac-with antibodies to FLAG. The immunoprecipitates were assayed for tivity (Fig. 1B) novirus vector encoding HA epitope-tagged Akt-AA (AxCAAkt-AA) inhibited the PDGF-induced increase in Akt activity in a virus dose-dependent manner; inhibition was ú80% at an MOI of 20 plaque-forming units had no effect on either PDGF-or heat treatment-in-(PFU) per cell. The extent of inhibition paralleled the duced activation of Akt (data not shown), suggesting expression of the mutant Akt protein as assessed by that the inhibition of Akt activation by Akt-AA was not immuoblot analysis with antibodies to HA (Fig. 1A) .
due to nonspecific effects of virus infection. PDGF or Incubation of CHO-Akt cells at 45ЊC for 10 min re-heat treatment also had no effect on the kinase activity sulted in an approximately threefold increase in Akt of Akt-AA expressed in CHO cells with the use of Axactivity (Fig. 1C) . Akt-AA inhibited the heat treatment-CAAkt-AA (data not shown). increase in p70 S6 kinase activity induced by heat treatment (45ЊC); inhibition was Ç90% at an MOI of 20 PFU/cell (Fig. 3B) . Infection with AxCALacZ had no effect on the activation of p70 S6 kinase induced by PDGF or heat treatment (data not shown).
We finally examined the effect of Akt-AA on TPAinduced activation of p70 S6 kinase. Incubation of CHO-Akt cells for 20 min at 37ЊC with TPA (0.5 mg/ml) resulted in an approximately threefold increase in p70 S6 kinase activity (Fig. 3C) . Infection of the cells with AxCAAkt-AA had no effect on the TPA-induced activation of p70 S6 kinase, even at an MOI of 20 PFU/cell, a virus dose sufficient to inhibit the PDGF-and heat- incubated at various temperatures for 10 min, lysed, and subjected to immunoprecipitation with antibodies to p70 S6 kinase. The immunoprecipitates were then assayed for kinase activity with a synthetic S6 peptide. Although incubation of cells at 42ЊC had little effect on p70 S6 kinase activity, an Ç3.5-fold increase in activity was apparent in cells incubated at 45ЊC (Fig. 2A) . Exposure of cells to temperatures of 48Њ or 51ЊC resulted in a decrease in p70 S6 kinase activity relative to that of cells incubated at 37ЊC. We next examined the time course of p70 S6 kinase activation at 45ЊC; activation was apparent within 5 min, reached a maximum at 10 min, and persisted for at least 30 min (Fig. 2B) .
Effects of Akt-AA on the Activation of p70 S6 Kinase Induced by PDGF, Heat Treatment, or TPA
We next investigated the effects of Akt-AA on PDGF- for 20 min at 37ЊC with TPA (0.5 mg/ml) (C). The cells were then increase in p70 S6 kinase activity (Fig. 3A) ; at an MOI lysed and subjected to immunoprecipitation with antibodies to p70
of 20 PFU/cell, a dose that inhibited PDGF-induced Akt S6 kinase, and the immunoprecipitates were assayed for p70 S6 activation by ú80%, the PDGF-induced increase in p70 kinase activity. Data are expressed as fold stimulation relative to S6 kinase activity was inhibited by Ç50%. Infection of the value for uninfected, untreated cells and are means { SE from three experiments.
CHO-Akt cells with AxCAAkt-AA also inhibited the induced increases in p70 S6 kinase activity by Ç50 and tions are consistent with our present data showing that Akt-AA inhibited PDGF-induced activation of p70 S6 90%, respectively. Furthermore, TPA did not stimulate Akt activity in these cells (data not shown), suggesting kinase by Ç50% in CHO cells, whereas the PDGF-induced increase in Akt activity was inhibited by ú80%. that Akt is not required for TPA-induced activation of p70 S6 kinase.
One possible explanation of these results is that a small increase in Akt activity is sufficient to induce marked activation of p70 S6 kinase. Another possibility is that DISCUSSION growth factor-induced activation of p70 S6 kinase is mediated by redundant signaling pathways, so that We recently showed that insulin did not stimulate the kinase activity of a mutant Akt1 (Akt-AA) in which blocking of the Akt pathway may be insufficient for complete inhibition of p70 S6 kinase activation. The the phosphorylation sites targeted by growth factors are replaced by alanine (14) . This mutant exerted a latter hypothesis is consistent with previous observations suggesting that multiple inputs from upstream dominant negative effect on insulin-induced activation of endogenous Akt in CHO cells and 3T3-L1 adipocytes, regulators contribute to the growth factor-elicited activation of this kinase (2, 7, 8) . The observation that whereas a mutant Akt (Akt-K179D) in which Lys 179 in the kinase domain was replaced by asparate showed activation of p70 S6 kinase by heat treatment was almost completely inhibited by overexpression of Akt-AA little such effect (14) . We have now shown that heat treatment also did not stimulate the kinase activity of suggests that this effect of heat treatment is dependent on Akt to a greater extent than is that of growth factors. Akt-AA, and that heat treatment-induced activation of Akt was inhibited by overexpression of Akt-AA in CHO In summary, we have shown that Akt participates in some, but not all, signaling pathways that lead to cells. These data suggest that the growth factor-sensitive phosphorylation sites in Akt, Thr 308 and Ser 473 , the activation of p70 S6 kinase. Because the activity of p70 S6 kinase is thought to be primarily regulated by are also important for the activation of Akt by heat treatment. The newly identified protein kinases PDK1 phosphorylation, clarification of the phosphorylation sites of the enzyme that are targeted by heat treatment and PDK2 are thought to mediate the growth factorinduced phosphorylation of Thr 308 and Ser 473 of Akt, should increase our understanding of the regulation of p70 S6 kinase by this stimulus. respectively (8, (19) (20) (21) . These kinases are thus also potential mediators of heat treatment-induced Akt activation. ACKNOWLEDGMENTS p70 S6 kinase was originally identified as a protein kinase activated by growth factors, but was subseWe thank I. Saito for AxCALacZ. This work was supported by quently shown also to be activated by various other a grant from the Ministry of Education, Science, Sports, and Culture of Japan, a Grant-in-Aid for Research for the Future Program stimuli, including heat treatment, TPA, sodium arsefrom the Japan Society for the Promotion of Science, a grant from nite, calcium, and certain amino acids (1, 16, (22) (23) (24) . the Uehara Memorial Foundation, and grant for studies on the The mechanisms by which p70 S6 kinase is activated pathophysiology and complications of diabetes from Tsumura in response to these stimuli remain less well character-Pharma Ltd. and (to M.K.), and a grant from Suzuken Memorial Foundation (to W. O.) ized than that of growth factor-induced p70 S6 kinase activation. Although several protein kinases have been proposed to mediate activation of p70 S6 kinase by REFERENCES growth factors (8, 14, 25) , an upstream kinase responsible for heat treatment-induced activation of the enzyme
